'The fabrication and characterization of a Rhodamine 6G-doped polymer optical fiber amplifier have befII carried out. Two different schemes were employed to characterize the optical fiber: the stripe illuminatioII technique to study the fiber as a gain medium and another technique to study its performance as III amplifier. We observed a spectral narrowing from 42 to 7 nm when the pump energy was increased ID 6 mJ in the stripe illumination geometry. A gain of 18 dB was obtained in the amplifier configuration. The effects of pump power and dye concentration on the performance of the fiber as an amplifier were alIu studied.
Introduction
Polymer-based waveguide structures and devices have been found to be suitable for short distance communications and optical integrated circuits. Even though optical flber networks are mainly focused on silica optical flbers (SOFs), polymer-optical-fiber (POF) -based systems are seriously being considered for short-distance communication. This is due to the competitiveness of POF in handling, flexibility, and cost effectiveness with respect to silica fibers.1,2 Although a higher loss factor is a major handicap for POF, recently developed teclmiques for decreasing losses in poly(methyl methacrylate) (PMMA) -based POF have raised much interest in this field. [3] [4] [5] [6] [7] The availability of inexpensive sources in the visible region has increased the utilization of POF in data communication over local area network (LAN) systems. 8 The implementation of optical communication in the visible region demands the development of suitable optical amplifiers working in this region. 9 -17 POFs that are doped with dyes or rare-earth eJe. ments are potential candidates for this purpose.
Laser dyes, which act as highly efficient material for lasing and amplification, have a wide range rJ tunability in the visible region. [10] [11] [12] [13] [14] [15] The range of tun· ability of laser dyes such as Rhodamine B and Ri» damine 6G usually lies between 570 and 640 nm. Tbe advantage of incorporating laser dyes in solid matrices such as POF is that it is easier and safer to handle them than when they are in liquid form. From I'EOOIt studies it has been found that the dye-doped poly. mer materials have better efficiency, beam quality, and superior optical homogeneity when compared to other solid matrices. Here we focus our studies on the line narrowing behavior and the amplification char· acterization of fluorescence in Rhodamine SG-doped polymer optical flbers.
Fabrication of Dye-Doped Polymer Optical Flber
The base material used for the fabrication of polymer preforms is methyl methacrylate (MMA) monomer.9-11 MMA is a suitable candidate for the fabrication of poly· mer preforms since it has good optical quality and is compatible with most of the organic dopants. The refractive index of pure MMA is approximately 1.41, and it will increase up to 1.49 owing to volwne reduction during the phase transition from liquid to solid We have concentrated primarily on only core fibers (air cladding), neglecting the scattering losses associated with it because of the absence of cladding.
Commercially available MMA will contain inhibi· tors such as hydroquinons. Inhibitors are used to transport MMA without polymerization. Inhibitors II! removed by repeatedly washing the monomer rith 5% NaOH solution followed by flushing with ~ed water. The remaining water is removed by ~g suitable drying agents such as CaCI 2 • The ~mer is purified by distillation under reduced ~ure.
I Suitable initiators such as benzoyl peroxide or ambisobutyronitrile (AIBN) are used to start the poly-. , tion. We used benzoyl peroxide for our process . there is no gas such as nitrogen that gets reduring polymerization as in the case of AIBN. . reduces the possibility of air bubble formation the polymer preforms. Along with the initiator, tyl mercaptan is used as the chain transfer agent regulate and terminate the polymerization provs. Adding an appropriate quantity of chain transagent and initiator controls the molecular weight the monomer. The regulation of the molecular ~t is an important factor that governs the draw-'ty of the polymer perform. An optimum molecuweight (typically between 60,000 and 1()5) is fixed the number of trials. We have used Rhodamine 6G : l5-17 for our current study since it has relatively ~ photostability and high fluorescence efficiency.
odamine 6G at 460 parts per million (ppm) contration is chosen for this study, and it is added g with the initiator and chain transfer agent into , monomer. The resulting mixture is stirred well to loid aggregate formations. The monomer mixed with the initiator,' dye, and chain transfer agent is poured into a glass test of the required diameter and length. The unimixing of the dye-monomer mixture was enby stirring well with a magnetic stirrer and filtered using filter paper to ensure that no unved part remained. This was then kept in a t temperature bath at 70 QC for 48 h, at 90 QC 18 h, and at 105°C in an air furnace for 8 h. These ps led to a high quality polymer preform that could used for drawing the fiber. The prepared preform was then ready for drawing , fiber in a custom-made fiber drawing tower. By . g a preform feeder, the preform was lowered into furnace that was maintained at a stable temperaof 180°C, and fiber was drawn at this temper-, Optical fibers of various diameters were drawn adjusting the feed rate of the preform and the w rate of the fiber. Using the diffraction technique homogeneity in diameter of the fiber was tested.
Characterization of Dye-Doped Optical Fiber as
Amplifier current use of optical fiber amplifier is based on -doped silica fibers working in the ill region. recent introduction of polymer optical fibers in -distance communication and network designs as LANs has brought amplifiers and repeaters .. g polymer optical fibers to the forefront of reand development activities. The possibility of large bandwidth available in visible wavelengthed data communication has encouraged studies toring the possibility of using dye-doped optical 825 fiber as an optical amplifier.9-13.18 The details of the work done in this area in our laboratory are given in the following sections. A schematic of the experimental setup to characterize the dye-doped polymer optical fiber as an optical gain medium is given in Fig. 1 . The main component of the experimental setup is the Rhodamine 6G-doped polymer 5 cm long optical fiber with a diameter of 650 ILm. The characteristics were measured by varying the pump energy by making use of a neutral density filter. The optical emission from the dyedoped optical fiber was excited by using 532 nm radiation from a frequency-doubled pulsed Nd:YAG laser (Quanta Ray DCRll) with a 10 Hz repetition rate and a 10 ns pulse width. The gain studies were done by transverse stripe illumination of the dyedoped fiber. The transverse pumping was done using the pump beam profile as a stripe obtained by employing a cylindrical lens of the appropriate focal length. The pump beam was shaped into a plane sheet 1 cm in length and I-mm in width by using a cylindrical lens. The spectral emission characteristics and the gain studies were carried out by collecting the fluorescence signal from the pumped fiber medium by using an optical fiber coupled to a monochromator-CCD system. To investigate the effect of feedback, a reflecting mirror was butt coupled to the other end of the optical fiber. Experiments were carried out with and without the mirror.
B. Optical Rber Amplifier
The schematic of the experimental setup for the amplification studies is shown in Fig. 2 . The pump beam (532 nm) was combined with the signal beam (at 585 nm) both temporally as well as spatially by using the appropriate optical delay system and beam splitter. A photodetector of 1 ns response time (Newfocus-1621) along with a Tektronix digital storage oscilloscope (500 MHz) was used to monitor the . . amplified output. A monochromator-CCD assembly (Acton Spectrapro) was used to study the spectral response of the output signal. The experiments were repeated for various pump powers and fiber lengths.
Results and Discussion

A. Gain Medium
Spectral line narrowing as a function of pump power is the signature of light amplification. Fluorescence emission spectra at various pump powers are illustrated in Fig. 3 , which shows a clear line narrowing effect as pump power is increased. Figure 4 is the plot of the FWHM of the spectral emission as 8 function of pump power. As is clear from the figure , spectral narrowing from 42 to 7 om is observed when the pump power is increased to 6 mJ above which no further line sharpening is observed. As pump power is increased, spectral narrowing is observed owi ng to the fact that the number of modes for which the intensity is above the threshold decreases bec:luse of energy transfer from low-power modes to those lying near the emission peak. This type ofselcctive mode excitation around the linere& ter with an increase in pump power is the signatun! of light amplification. Above a certain pump power, the number of modes with a n intensity above tht threshold is unchanged, leading to saturation of !he linewidth.
*-r-------------------------
To study the effect of the feedba ck mirror, a di· chroic mirror was introduced at one end of the optical fibcr . Figure 5 shows the emission spectra at 12 mJ with !Uld without the mirror. It is clear from tilt figure thnt there is no significant change in F'WHM. However , one can sec that the fluorescence signal strength is doubled. Note that the series of experiments corresponding to Figs. 4 and 5 was done on tht same libel'. The duration of pumping in the flrshetli experiments went above the bleaching level o£thedye so that the resu1ts represented in Fig. 5 have a peak at a longer wavelength at a broader FWHM. FigureS is the plot exhibiting the variation of peak inte!IStJ as a function of pump energy. Above 6 mJ onecanget a significant enhancement in the emission intensity with the introduction of the dichroic mirror, whlchis attributable to the feedback effect.
.. (at 10-3 molar dye concentration). The fact that we can have a gain of 18 dB for a length of 8 cm is an adv:antage of dye-doped fiber in comparison with an erbIUm-doped fiber amplifier (EDFA), which needs a len~ of several meters to attain optimum gain. FIgure 9 shows that optimum gain is attained for an.8 cm ~ong fiber as a function of pump power. The gam vanes as a quadratic function of pump power. The pump power has to be limited below a certain level to minimize bleaching the dye molecules within the tiber. Figure 10 shows the intensity distribution of amplified signals at different wavelengths at a constant input signal power «0.2 W peak power). The peak pump power was 1 kW.
The in~nsi~y rli:stribution shows enhanced signal amphfication m the region at approximately 590 nm. The spectrum shows maximum gain at 589 nm ~d another m~um at 640 nm. The peak at approXimately 589 nm IS attributable to the char- teristic emission of Rhodamine 6G. The emission • approximately 640 nm is attributed either to agate formation or to emission followed by inter-/Stem crossing. As suggested by John and Pang 19 nearest probable origin of the 640 nm emission is le triplet-triplet transition. One can consider the 10 nm emission as an added advantage in the laser llission from the sample. Figure 11 depicts spectral dependence of fiuoresoutput as a function of pump power in the ~oped fiber with a diameter of 320 J.Lffi. There is a ~ in the emission spectra as the pump power is Ireased. The blueshift as a function of pump power is Vlributable to the transfer of mode energy to that of tuhorter wavelength side, which has gotten a large ,m coefficient. However, the magnitude of this transIrof energy gets saturated at higher pump power, and ~ saturation is obtained as a redshift. Figure 12 shows the variation of gain as a function ,pump power as well as dye concentration. One of lie obvious results is the enhancement of gain with ~concentration. A saturation of gain is observed at Igber concentrations, and, moreover, the gain charlieristics are sensitive to fiber diameter at lower ~entrations [ Fig. 12(c) ]. At higher concentrations ~.12(a)] there is not much dependence of gain with ier diameter. This is because the increase in the bmeter is equivalent to the increase in the number ~O lecules involved in the excitation process. This result in an effect equivalent to the concentra-" enhancement resulting in gain saturation [Fig. all. It is found that the fluorescence output from 6ber was stable up to 960,000 shots of pump ~ without considerable fluorescence bleaching a peak pump power of 10 kW at a laser repetition of 10 Hz (Fig. 13 ).
~ Conclusion fi md quality dye-doped polymer optical fibers have ~drawn. The studies described in this paper show 829 the performance and stability of Rhodamine 6G-doped polymer optical fiber as an amplifying medium. An important observation is that there is an optimum length at which amplifier gain is at its maximum. For example, with 25 kW of pump power a maximum gain of 18 dB is attained for an 8 cm length of fiber. One of the important advantages to be noted is that the fiber length needed is very small unlike that for EDFA, which requires several meters. The polymer optical fiber amplifier working in current communication wavelengths can also be developed by using appropriate dyes or dopants. Studies in this direction are in progress.
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